We used the case-crossover design to identiflr any increase in mortality in Seoul, Korea, when there were higher levels of ambient air pollution on case-days than would be expected solely as a result of chnce. This empirical study showed that either unidirectional retrospectve (selecting only control days prior to death) or prospective (selecting only control days after death) control sampling could cause risk estmates to be confounded by seasonal waves as well as time trends in air pollution levels. In bidirectional control sampling in which eposures at death were compared with epsures both before and after death, the estimated mortality was resistant to confounding by time patterns of air pollution. Using a bidirectional control sampling approach, the results from a conditional logistic regssion model controlling for weather conditions showed that the nonaccidental mortality associated with a 50-ppb increment over a 3-day moving average of S02 concentrations, iduding the concurrent day and preceding 2 days, was 1.023 [95% confidence interval (CI), 1.016-1.0841. The relative risk of death was 1.023 (CI, 0.999-1.048) per 50 ppb for 1-hr maximum 03 and 1.010 (CI, 0.988-1.032) per 100 pg/m3 or total suspended particalates. In conclusion, the findings of this study were 2-fold: given the consistecy of the observed association between SO and daily mortality across dierent analysis methods, the associaion reported here indicates that air poliution is a probable contributor to premature death; and bidirectional control sampling is needed in a case-cossover design applied to air pollution epidemiologic studies to control confounding by seasonal pattems of air pollution as well as time trends. Key wora!c air pollution, case-contrl studies, case-crossover designs, epidemiologic methods, mortalty. Environ HehN Penpect 107:633-636 (1999). [Online 25 June 1999] hap://ehpnetl.niehs.nih.gov/docs/1999/107p633-6361ee/abstrachtm1
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Numerous studies have observed associations between current ambient air pollution concentrations and various health outcomes, including mortality (1-6), hospitalization for respiratory and heart disease (7, 8) , aggravation of asthma (9) , and incidence of respiratory symptoms and lung function (10) (11) (12) . These recent studies evaluating the health effects of acute or short-term exposure to air pollution used contemporary time-series statistical analysis techniques or related types of analysis.
Studies in various geographic and ethnic situations have shown that the findings for each observation are consistent, which suggests a possible causal relationship between air pollution and mortality. The analytic methods used in these studies are time-series analysis or simple comparison analysis of cross-sectional data. We applied a casecrossover design, an innovative epidemio logic technique with distinct strengths, to estimate the air pollution effects on premature mortality.
The case-crossover design developed by Maclure (13) was applied to evaluate potential associations between ambient air pollution and mortality. This design requires no additional control subjects to be sampled and can control individual susceptibility by making comparisons within a subject (14) . A number of alterations to the case-crossover design have been proposed, involving different strategies for selecting control information from a case (13-16). Mittleman et al. (15) described methods in which one or more control intervals (or dates) are selected at specified time lags before the event, providing analogs of one-to-one or many-to-one matched case-control studies. A recent paper by Navidi (14) describes a bidirectional casecrossover design in which exposures at the event of failure (death) are compared with exposures both before and after failure on the basis that subsequent exposures are not influenced by failures, as in air pollution epidemiologic studies.
In the present study we empirically illustrate how time trends (including seasonal patterns) in the levels of air pollutants can change case-crossover estimators of risk and present the results of a study comparing the bidirectional method with unidirectional case-crossover approaches. The other objective of this study was to estimate the effect of ambient air pollution on mortality, with control for weather conditions and individual susceptibility.
Materials and Methods
This study examined the daily variation in mortality in relation to ambient air pollution in Seoul, the capital city of Korea (population of approximately 12 million), over a 5-year period from 1991 through 1995.
Some general background, including the methods used to measure ambient air pollutants in Seoul, the characterization of Korean pollution problems, and the collection of mortality data has been published (6) . Briefly, vehicular traffic and domestic space heating are thought to be the prime sources responsible for ambient air pollution in Seoul.
We used case-crossover analysis, a technique for assessing the brief change in risk associated with transient exposure (13) . According to this method, each deceased person renders his or her own control information [control date(s)]; potential confounding due to age, sex, physiological status, personality, and other fixed characteristics is thereby eliminated. Methods of analysis of the casecrossover design are derived by considering a deceased person to be a stratum in a case-control study, where the cases and controls are times (calendar date when death occurred). Therefore, we defined that the dates of death are the cases and the other dates are the controls. We used the pairmatched analytic approach (conditional logistic regression) to contrast exposures (levels of air pollution) at the case dates with exposures at the control dates. In this instance, case-crossover analysis would identify an increase in risk of death if there were higher levels of ambient air pollution on the case-day than would be expected solely as a result of chance.
Based on previous research observations (6) we also considered a lead-lag relationship between air pollution and mortality. The results of previous studies indicated that the increased mortality occurred concurrently or within 1-5 days following an increase in air pollution.
We checked our estimated relative risks of death by repeating the calculations based on applying three control schemes, including a unidirectional retrospective and prospective control samplings and bidirectional control sampling ( Figure 1 ). In unidirectional retrospective control sampling, we selected the 
Discussion
This empirical analysis was conducted to estimate an association between ambient air pollution and daily mortality using a casecrossover study design. We also compared relative risks calculated for six control selection schemes. This comparison gave us an idea of the necessity of control for seasonal waves and the overall average trend of air pollution over the study period.
We observed independent SO2 effects on daily mortality even after using various approaches to control for weather conditions, seasonal variables, or long-term time trends in the logistic regression model. Our previous time-series analysis of the same data indicated that the mortality associated with a 50-ppb increment in a 3-day moving average of SO2 concentrations was 1.078 (CI, 1.057-1.099) (6 'Two controls selected in the weeks before the week death occurred. bOne control in the weeks before death occurred. "Two controls in the weeks before and after death occurred. dFour controls in the week before and after death occurred. 'One control selected from the week after the week death occurred. fTwo controls from 2 weeks after the week death occurred (see Figure 1) . 'Two controls were matched; one was selected from the preceding week and the other from the following week. bFour controls were matched; two were selected from the two preceding weeks and the remainder from the two following weeks. SO2 effects on mortality suggests the possibility that SO2 may act as a better indicator of fine partides in Seoul. Further study is needed to clarify this finding by looking at the effect of fine particles on mortality in Seoul.
Time-series analysis can be a useful tool in evaluating short-term or acute health effects of time-varying exposures (17).
Nearly all of the currently available mortality studies of air pollution are typically population-based time-series studies where the units of comparison are composed of the entire population of communities.
In this paper, we have shown empirically that the validity of relative risks (odds ratios) in case-crossover studies varies greatly depending on the strategy used in control sampling, particularly if confounding by time trends (or seasonal waves) of exposure existed. A simulation study showed that unidirectional control sampling (selecting control days only prior to or after death) could cause risk estimates to be confounded by time trends in exposure (14) . Figure 3 shows the relative risks of death associated with a 50-ppb increment in a 3-day moving average of SO2 levels and their 95% CIs calculated for six control samplings. The clear trend of SO2 levels may play a critical role in explaining this pattern of estimates for different control samplings. This empirical observation indicated that the validity of estimators in case-crossover studies greatly depends on proper control for the time trends of risk factors. Pope and Schwartz (17) pointed out the necessity of control for seasonal conditions as well as time trends in estimating short-term associations. We selected controls within the 2 weeks prior to or after the day when each death occurred. Our finding indicated that this could not control for seasonal patterns. To control for time trends and seasonal waves, we applied bidirectional control sampling in which air pollution levels at the time of death were compared with exposures both before and after death. As Navidi (14) pointed out, when subsequent levels of air pollution were nAt influenced by failure (death), it was possible to determine postfailure what a subject's level of exposure would have been had the subject not failed. He also showed that unidirectional control sampling could be severely biased when time trends in exposures were strong and proposed the bidirectional case-crossover method because control information was assessed in both directions from the failure time. This method allows consistent estimators of risk to be computed regardless of time trends in exposure. Elaborate models and statistical techniques cannot compensate for inadequate study design or poor data collection. However, consistent and coherent findings play an important role in establishing the causal pathway in mortality and air pollution. Given the consistency of the observed association between SO, and daily mortality across different analysis methods, the association reported here indicates that air pollution is a probable contributor to premature death.
